The broad bandwidth of an isolated attosecond pulse excites a vast number of states simultaneously, and the corresponding absorption features can be monitored with exceptional temporal resolution. Novel transient absorption experiments in gases using isolated attosecond pulses are performed in two regimes, one in which the attosecond pulse is overlapped in time with a near-infrared (NIR) pulse and one in which the NIR pulse follows the attosecond pulse. In the latter regime, the attosecond pulse first interacts with a sample, then the observed absorption features are modified by a NIR pulse, which interacts with the sample well after the attosecond pulse has passed. In these experiments, which seem counterintuitive when compared to conventional transient absorption spectroscopy, the weak attosecond pulse induces a polarization of the medium, which is then perturbed by the time-delayed NIR pulse. Recent measurements demonstrate the rich variety of information that can be extracted in this regime.
Introduction
Electronic dynamics in atoms and molecules typically occur on a few-femtosecond or sub-femtosecond timescale. These processes are too fast to be resolved by ordinary femtosecond optical laser pulses. However, in the past ten years, techniques to generate isolated pulses with durations of a few hundred attoseconds, or even shorter, have been established. These isolated attosecond pulses provide unprecedented opportunities to study ultrafast electron dynamics on a few-femtosecond timescale.
Isolated attosecond pulses are generated using high harmonic generation, in which a femtosecond laser pulse is upconverted to produce photon energies in the extreme ultraviolet (XUV) [1] , in conjunction with optical gating techniques. The short duration of the pulse necessarily results in a broad and continuous spectrum, with bandwidths ranging from a few electron volts (eV) to tens of eV and central photon energies typically between 10 eV and 100 eV. These ultrashort pulses have been used in many successful experiments incorporating photoelectron and ion detection methods. For example, attosecond pulses have been used to measure the few-femtosecond timescale of Auger decay after core excitation of krypton [2] and to measure the time delay between the emission of an electron from two different atomic orbitals in neon [3] .
The broad and continuous bandwidth of an isolated attosecond pulse, with photon energies in the extreme ultraviolet (XUV), is well suited to absorption measurements. The XUV photon energies can access highly excited states such as Rydberg states approaching the ionization limit or autoionizing states embedded in the ionization continuum. Electronic dynamics can be tracked in real time by monitoring the resulting changes in the absorption spectrum.
The majority of attosecond transient absorption experiments have been performed on rare gas atoms, which are relatively simple systems that still manifest complex behavior. However, the recent application in our group of attosecond transient absorption to observe the transfer of electrons from the valence band to conduction band in solid silicon [4] illustrates the generality of the technique. Attosecond transient absorption will soon be extended to study gas phase molecular systems, but the focus of this article is the experiments performed on rare gas atoms, in which a variety of novel phenomena have been identified.
Isolated attosecond pulses can be utilized in novel transient absorption experiments, in which the XUV attosecond pulse first passes through the sample, then a near-infrared (NIR) laser pulse follows at a time delay. It may seem counterintuitive that a change in the absorption spectrum of the XUV pulse can be observed when the NIR pulse follows the XUV pulse. This unconventional pulse order is possible because the XUV pulse induces a polarization of the medium. This polarization persists long after the XUV pulse passes through the sample, and it dephases on a timescale that depends on the lifetime of the states excited, which can range from tens of http://dx.doi.org/10.1016/j.cplett.2014. 12 femtoseconds for a short-lived autoionizing state to nanoseconds for an atomic Rydberg level. The subsequent NIR pulse perturbs this polarization when it interacts with the sample. The macroscopic polarization is formed by a collection of oscillating dipole moments, which emit light. This emission is then dispersed in a spectrometer, essentially measuring the Fourier transform of the time-dependent signal. Absorption features are observed due to destructive interference between the emission from the excited sample and the transmitted broadband pulse. Because the induced polarization has been perturbed by the NIR pulse, the measured absorption features change. This is shown schematically in Figure 1 .
The temporal resolution of a transient absorption experiment depends on the duration of the laser pulses used in the experiment while the resolution in the frequency domain depends only on the energy resolution of the spectrometer, as described by Pollard and Mathies [5] . This is because the final absorption measurement, which is the signal at the detector integrated over all times, is not time-dependent. Therefore, attosecond transient absorption measurements can be performed with both excellent temporal resolution and good spectral resolution.
In conventional transient absorption spectroscopy, a weak broadband pulse is used to measure the absorption spectrum of a sample. A pump pulse initiates dynamics, and changes in absorption features are observed when the broadband pulse follows the pump pulse. These methods have been successfully extended to XUV photon energies. In the femtosecond experiments of Loh et al. [6] , a femtosecond near-infrared (NIR) laser pulse is used to induce strong-field ionization in a sample. Afterwards, the absorption of the XUV pulse is measured, and changes in the absorption are observed as the sample becomes ionized. Analogous experiments using attosecond pulses instead of an XUV pulse train were initially proposed by Pfeifer et al. [7] . Later experiments using isolated attosecond pulses by Goulielmakis et al. [8] detected quantum beating in a wavepacket created in Kr + after strong-field ionization.
Attosecond transient absorption experiments can thus be divided into three distinct categories based on the relative time delay between the NIR and attosecond pulse: relative time delays when the NIR pulse precedes the attosecond pulse, when the NIR and attosecond pulses are overlapped in time, and when the NIR pulse follows the attosecond pulse. In conventional transient absorption experiments, the range of time delays when the NIR pulse follows the XUV pulse might be deemed uninteresting, as no dynamics can occur before the pump pulse has interacted with the system. However, important recent results in attosecond science have capitalized on transient absorption experiments in which the NIR pulse overlaps with or follows after the attosecond pulse. This Frontiers article focuses on the rich variety of dynamics that can be observed and characterized in these two regions of relative NIR/attosecond pulse time delay.
Experimental techniques of attosecond transient absorption
A generalized experimental apparatus for attosecond transient absorption is shown in Figure 2 . Similar apparatuses used by other groups are described in detail by Chini et al. [9] and Ott et al. [10] . A NIR pulse (duration of approximately 7 fs) is first split by a beam splitter in an interferometer. One arm of the interferometer generates the attosecond pulse, while the other arm acts as the NIR probe pulse. The XUV pulse generating arm may pass through optics to implement an attosecond optical gating technique, such as Double Optical Gating [11] , which manipulates the laser field in order to produce a single attosecond pulse. The pulse then enters the vacuum system and is focused into a gas cell, in which the high harmonic generation process occurs. After this gas cell, an XUV attosecond pulse is produced and propagates collinearly with the residual femtosecond laser field. This residual light is subsequently blocked by a metal foil, which also acts as a filter for the attosecond pulse spectral bandwidth. The attosecond pulse is then focused by a gold-coated grazing incidence toroidal mirror.
The NIR probe arm propagates outside the vacuum system. A relative delay can be introduced in this arm, and fused silica can be added for optimal pulse compression. In the apparatus shown here, the NIR pulse is first focused by a spherical focusing mirror and then is recombined with the XUV pulse by a mirror with a small hole drilled in the center. The XUV pulse passes through the hole in the center of the mirror, while the NIR pulse reflects off the mirror, resulting in an annular beam. The NIR and XUV pulses are then overlapped spatially in a gas cell or jet where they interact with the sample. After passing through the sample, the NIR pulse is blocked by a metal foil. The XUV pulse is dispersed by a grating and its spectrum is detected, typically by an X-ray CCD camera.
A variation on this apparatus that has been used in some of the experiments discussed later in this article (e.g. Refs. [12, 13] ) instead incorporates a compact interferometer that introduces the relative delay between the XUV and NIR pulses. Then, the two arms travel collinearly into the vacuum system. Both types of apparatus are versatile, as each arm of the interferometer can be manipulated separately.
Induced polarization
The induced polarization is a macroscopic sum of the individual oscillating dipoles of the atoms or molecules in the sample. The polarization is induced by the initial excitation, follows changes in the electric field near-instantaneously, and dephases over some timescale. This article will consider only experiments with gas phase targets. Transient absorption spectroscopy has also been performed in solid samples such as silicon and fused silica [4, 14] . However, dephasing of the polarization induced by the XUV pulse occurs much more rapidly in a solid than in a gas sample. For example, in silicon, the dephasing time of the XUV-induced polarization was estimated to be 100 as [14] , while in a gas the dephasing time can be much longer than the timescales of typical attosecond transient absorption experiments. Due to this disparity in dephasing timescales, perturbation of the induced polarization by a fewfemtosecond NIR pulse that follows the XUV pulse initially appears to be an effective measurement technique in the gas phase but not in solids. With shorter pulses, however, this counterintuitive regime of time delays could also be explored in solids.
The polarization induced in a sample is related to the electric field of the broadband pulse used for excitation. Applying the slowly varying envelope approximation (e.g. assuming that the spatial envelope of the pulse is large relative to the wavelength) gives the following relation between the field and the polarization:
whereε(ω, z) is the field of the pulse,P(ω, z) is the induced polarization, n is the index of refraction of the material, and k is the wavevector of the pulse, which propagates along the z direction. If the polarization is uniform in space (namely, along the z axis) the electric field is proportional to the polarization as
In the treatment of Pollard and Mathies [5] the response of the system is separated into linear and nonlinear components. The linear component is the response of the system to the broadband pulse (the absorption of that pulse) and the nonlinear component reflects the effects of the pump pulse on the system. Then, the absorption cross-section is proportional to the polarization as:
whereP (3) (ω) is the third-order component of the polarization. This is the lowest order that incorporates the effect of the pump pulse on the system, although higher order terms may also be considered. However, the response of the system may not necessarily be separable into components of different orders. A more general method [15] to calculate the transient absorption spectrum involves first calculating the single atom response function as:
where ˜ (ω) is the Fourier transform of the time-dependent dipole moment andε * (ω) is the Fourier transform of the electric field of the XUV. The macroscopic polarization, or the polarization of the entire sample, can be approximated as:
where is the number density of the sample. Thus, the dipole moment can be considered as a proxy for the polarization, and the single atom response function approximates the measured transient absorption spectrum. The key differences between the single-atom response and the effects due to propagation through a sample composed of many atoms will be discussed in Section 4.3. If the polarization of the medium is simply calculated by summing the single-atom response functions, the cross-section is then given by
Considering the relationship between the Fourier transform of the time-dependent dipole moment and polarization in Eq. (5), this expression for the absorption cross-section agrees with the expression given in Eq. (3) but is more generally applicable. This mathematical treatment can then be used to model the effect of the NIR pulse on the system, and it will be applied to specific cases in the following sections. 
Regimes of attosecond transient absorption spectroscopy

Time overlap of the NIR and XUV pulses
Dynamics observed when the NIR and XUV pulses are overlapped in time can be broadly separated into two categories: a coupling between states that is induced by the NIR pulse and an interference between multiple pathways leading to the same final state. Processes in the former category include Autler-Townes splitting and the observation of light-induced states (LISs), while interference between two pathways can manifest as subcycle interference fringes.
The helium atom is a much-studied system, due to the ease of theoretical calculations and the convenience of use in experiments. Transient absorption experiments were performed on helium in conjunction with time-dependent Schrödinger equation (TDSE) calculations by the Schafer group [16] . In both the experimental measurements and the theoretical work, new features that do not correspond to an allowed atomic absorption are observed when the NIR and XUV pulses are overlapped. These features are assigned as light-induced states (LISs), which become visible in the absorption spectrum as a result of population transfer from the ground state (1s 2 ) to dark states (1sns or 1snd) via a resonant process requiring one photon of the XUV and one photon of the NIR. The LIS acts as the intermediate state in this process, which can be thought of as an analog to Raman spectroscopy. This mechanism was confirmed by calculations in which the s and d states were removed from the calculation and, as a result, no LISs are observed. Figure 3a shows the mechanism that creates a LIS that couples the ground state to the dark 1s2s state, and Figure 3b shows the experimental observation of that LIS. Observation of LISs in a transient absorption spectrum allows the dark states to be located in energy and identifies which coupling pathways are dominant in the system under consideration. LISs could also be used to transfer population to dark states that are not accessible by one-photon transitions from the ground state.
Another effect that also results from NIR coupling to a dark state is Autler-Townes splitting [17] , which occurs when the NIR photon energy is close to resonant with the transition to a dark state. A single absorption feature is split into a doublet as a result of strong-field coupling between the initially excited state and a dark state. This splitting is analogous to the phenomenon of electromagnetically induced transparency (EIT). The splitting of an absorption feature into a doublet results in increased transmission of the XUV light at the original position of the resonance. EIT has been studied theoretically [18] [19] [20] and experimentally observed using femtosecond XUV pulses [21, 22] . EIT as well as more complicated splitting of absorption features in XUV transient absorption was noted in calculations by Gaarde et al. [15] . The observation of this splitting instead of LISs could distinguish which possible coupling pathways are most important using a certain probe pulse. EIT could also be used to manipulate the spectrum of an XUV pulse, by creating holes in the spectrum at resonance positions.
Although the coupling mechanisms by which LISs and Autler-Townes splitting are observed are similar, the most obvious difference between these two phenomena is whether a change in absorption is observed at the position of a bright state (Autler-Townes) or at a photon energy that does not correspond to an allowed one-photon transition from the ground state (LIS). Which effect is observed depends on the spacings between the energy levels in the target system relative to the photon energy of the NIR pulse. If the NIR pulse is close to resonant with the transition between an initially excited state and a dark state, Autler-Townes splitting is observed. However, as the position of the dark state moves away from resonance with the NIR photon energy, a LIS is observed instead. This is shown in Figure 4 for two cases: Figure 4a and c show Autler-Townes splitting, occurring when the NIR pulse is resonant with a transition between a bright state and a dark state. Figure 4b and d shows a LIS becoming visible instead when the NIR is far from resonant with this transition. This transition from Autler-Townes splitting to the appearance of the LIS could be probed by scanning the wavelength of the probe pulse, which would also identify the dominant coupling pathways to dark states.
The LISs were theoretically predicted to be sensitive to the NIR intensity [16] , and experiments characterized the intensity dependence of the LIS in helium [23] . The discrepancy between the shifts in the LIS position predicted by theoretical work and the shifts observed in experiments was attributed to the difficulty of accurately determining the NIR intensity in the experimental measurements. The Stark shift induced by the NIR pulse can also induce a change in the absorption lineshape, which changes because the NIR field causes a phase shift in the induced dipole moment. This effect was treated theoretically by the groups of Schafer [24] and Santra [25] for long-lived states and by Chu and Lin [26] for autoionizing states. Ott et al. [10] first characterized this effect experimentally, showing that the Lorentzian lineshapes of absorption features in helium corresponding to long-lived atomic states can be converted to Fano profiles, and vice versa. The phase shift depends on the NIR intensity and duration, and is therefore delay-dependent. An example of this NIR-induced lineshape change in the absorption of Rydberg states of neon is shown in Figure 5 . The top panel of Figure 5 shows the XUV-only absorption, in which the features appear as weak, narrow peaks, and the bottom panel shows the absorption spectrum when the XUV and NIR pulses are temporally overlapped and the absorption lineshapes have become Fano-like. This laser-induced phase is a clear example of how the NIR pulse can be used to precisely manipulate the absorption spectrum. The observed Fano lineshape parameter of the absorption line also characterizes the magnitude of the phase shift induced by the NIR pulse.
Other features observed in attosecond transient absorption measurements when the NIR and XUV pulses are overlapped in time are due to interference between two pathways that both result in the same final state. Subcycle interference fringes were predicted theoretically by the Schafer group [16, 27] and observed in transient absorption measurements performed by Chini et al. [9] and X. Wang et al. [28] . These fringes have a period of approximately 1.3 fs, which is half the NIR laser cycle (2.6 fs). The fringes arise from interference between a direct pathway and an indirect pathway.
The direct pathway is merely absorption of one XUV photon, transferring population from the ground state to an excited electronic state. However, population can also be transferred to the same excited state by an indirect pathway: a lower-lying state is excited by the XUV and then two NIR photons couple the two states. A schematic of these interference pathways is shown in Figure 6a , and the calculated single-atom response function for helium, which clearly displays subcycle interference fringes, is shown in Figure 6b . These interferences are observed in both LISs, which are only visible during the overlap of the XUV and NIR pulses, and in long-lived electronic states, where the subcycle features remain visible when the NIR pulse follows the XUV pulse.
The origin of these features was confirmed theoretically by removing states from the calculation and noting the resulting disappearance of the subcycle features. An analogous experiment was performed by Wang et al. [28] , who compared the transient absorption spectrum of neon recorded using a broadband XUV pulse, which can excite a wide range of Rydberg states between 16 eV and the ionization potential at 21.56 eV, to a measurement using a narrowband XUV pulse, which excludes excitations to all states except the 2s 2 2p 5 3s states. Subcycle interference fringes were clearly observed with the broadband excitation pulse but disappeared in the narrowband transient absorption measurement. These subcycle interference fringes indicate that the population in the system is being manipulated on an attosecond timescale, as the NIR pulse transfers population between the initially excited levels.
The population transfer induced by the NIR pulse can be enhanced if there is an atomic or molecular level that can act as a near-resonant intermediate state. Chen theoretically that information about the position of this intermediate state can be extracted from the subcycle interference fringes. The phase of the interference fringes depends on the magnitude of the NIR photon energy relative to the difference in energy between the initial state and the intermediate state in this process. Experimentally, using NIR pulses with varying central wavelength could identify the intermediate state in the coupling process.
Subcycle features can also be observed in LISs, and the appearance of the fringes identifies which dark state produces each LIS. The sign of the slope of the fringes with respect to delay indicates whether the LIS is higher or lower in energy than the final dark state [27] .
Theoretical work performed by Pfeiffer et al. [29] and Wu et al. [30] has shown that the presence of subcycle features in calculated transient absorption spectra depends on the inclusion of counter-rotating terms in the expression for the dipole moment. In theoretical models, the rotating wave approximation (RWA) is often used. Counter-rotating terms that oscillate rapidly, or are small near resonance, may be excluded to simplify the mathematics. This means that terms with frequency ω = ω 0 + ω IR , where ω 0 is the transition frequency and ω IR is the laser frequency, are removed, while terms with frequency ω = ω 0 − ω IR are kept. However, when the ratio of the Rabi frequency ˝R to the laser frequency is large, the RWA no longer accurately reproduces all of the physical effects. The Rabi frequency is defined as ˝R = d 0 E IR , where d 0 is the transition dipole moment and E IR is the amplitude of the electric field, so the RWA breaks down if the NIR intensity is high or the coupling between states is strong.
The effect of the RWA was shown in calculations of Autler-Townes splitting in helium [30] and xenon [29] . The magnitude of the splitting depends on the intensity of the NIR field, which is therefore dependent on the NIR-XUV delay. Calculations using the RWA accurately reproduced the overall delay dependence of the Autler-Townes splitting and other structures that were observed in experimental measurements. However, the subcycle features did not appear in these calculations. When instead a full time-dependent Schrödinger equation (TDSE) calculation was performed, the subcycle features appeared clearly, as shown in Figure 7 . Another effect that could not be reproduced in calculations using the RWA is the splitting of the absorption features into multiple branches instead of merely into a doublet. This multiplet splitting has been experimentally observed in femtosecond transient absorption measurements of core excited xenon, using 100 fs NIR pulses and intensities on the order of 10 14 W/cm 2 [31] . Multiplet splitting was also proposed as a possible explanation for new features observed in LISs in helium as the NIR intensity was increased, although the spectral resolution was not sufficient to resolve the possible splittings [23] . Using the RWA in theoretical calculations does not fully predict the phenomena that will be observed in an experiment, and full TDSE calculations are necessary to correctly predict or replicate experimental attosecond transient absorption results. 
The NIR pulse follows the XUV pulse
Experiments in which the NIR pulse follows the attosecond pulse at large time delays (ranging from only a few fs to tens or hundreds of fs) provide an unprecedented wealth of information about electronic dynamics. Inducing a polarization with the XUV pulse and then perturbing the system with a NIR pulse that follows at delays of a few femtoseconds or longer has been applied to measure decay timescales of autoionizing states and to characterize quantum beating between electronic states.
A recent, very effective application of attosecond transient absorption spectroscopy is directly measuring the lifetimes of short-lived atomic states in the time domain. Autoionizing states were excited in argon atoms by Wang et al. [32] and in xenon atoms by Bernhardt et al. [12] . The absorption features corresponding to short-lived autoionizing states embedded in the continuum appear in the spectrum as Fano resonances. The lifetimes of these states were previously estimated from high-resolution synchrotron measurements [33] to be on the order of tens of fs. Therefore, these states are an excellent test case for comparison of the lifetime determined from the linewidth with the lifetime that is directly measured. The decay of the autoionizing state is monitored by interacting a time-delayed NIR pulse with the target. The initially strong absorption feature is depleted when the NIR and XUV pulses are overlapped, because the NIR pulse couples population out of the initially excited state either to other atomic states or to the ionization continuum. This produces a broadened and weakened absorption feature. The absorption feature then slowly recovers. A schematic of the coupling process is shown in Figure 8a , and experimental measurements of the lifetimes of 5s5p 6 np states in xenon are shown in Figure 8b .
The timescale of the recovery of the absorption feature is actually twice the lifetime of autoionizing state. This factor of two arises because the absorption signal is proportional to the polarization rather than the population. This can be derived by calculating the absorption spectrum using Eq. (4). A simple model system will be considered where there are only two states, the ground state (denoted as state 0) and an excited state (denoted as state 1) that is short-lived, with a lifetime 1/ . The population in the excited state after an initial excitation is thus
which decays exponentially with the state lifetime of 1/ . However, the quantity needed to evaluate the time-dependent dipole moment is the wavefunction. The time-dependent wavefunction of this state is
where ω 1 is the energy of the excited state. The factor of /2 in the exponential ensures that the population decay occurs on the correct timescale, as in Eq. (7). This critical factor will be the source of the factor of two difference in the population and polarization decay. The total wavefunction for the system, after excitation by the XUV only, is
where ω 0 is the energy of the ground state. C 0 and C 1 are coefficients with some time dependence. If only a small fraction of the initial ground state population is excited, C 0 ≈ 1. The time-dependent dipole moment is evaluated, keeping only terms that are large near the resonance center frequency, and modeling the effect of the NIR pulse as a sudden annihilation of the dipole moment at a delay time . This time-dependent dipole moment is then
The quantity of interest is the response function versus frequency, so the time-dependent dipole moment must be Fourier transformed. The absorption on the resonance center, or when ω = ω 1 − ω 0 , is then given by:
The absorption thus decays exponentially with a time constant of 2/ , or twice the state lifetime. This factor of two difference, which only appears in measurements of decay timescales, is critical to recognize in order to accurately extract a lifetime from transient absorption measurements. Fitting the temporal profile of the depletion and recovery to this functional form allows the lifetime of the autoionizing state to be determined by a direct measurement in the time domain.
The lifetimes measured by attosecond transient absorption spectroscopy agree with lifetimes calculated from linewidths, using the uncertainty principle, in synchrotron measurements. However, Adapted from [12] . absorption features of short-lived states in molecules can overlap in energy or undergo additional broadening processes, so this technique could be applied to directly measure these short lifetimes that may not be accurately extracted from static absorption spectra.
When considering the temporal evolution of the absorption at a small detuning from the resonance center, more complicated behavior is observed. Incorporating a detuning ω = ω − (ω 1 − ω 0 ) into the expression for the dipole moment and calculating the single-atom response as above results in a function of the form S(ω) ∝ cos( ωt)e −( /2)t (12) For photon energies at a small detuning from the resonance center, there is an additional cosine term, which creates oscillations in energy for a given time delay. This is a manifestation of perturbed free induction decay, which occurs when the ringing of a dipole is suddenly cut off [34, 35] . In a transient absorption measurement, this effect produces hyperbolic sidebands with spacing inversely proportional to the NIR-XUV time delay. These sidebands are observed in transient absorption measurements such as those shown in Figure 8 or Figure 9 .
Transient absorption measurements when the NIR pulse couples population to the continuum versus to another discrete state are compared theoretically in Li et al. [36] . The calculated transient absorption spectra look similar for low NIR intensities (approximately 10 12 W/cm 2 ). As the NIR intensity increases, the absorption lineshape when the NIR and XUV pulses are overlapped in time varies dramatically depending on which coupling mechanism is occurring. If the NIR pulse is coupling to the continuum (e.g. ionizing the state), the absorption feature disappears as the NIR intensity increases because the population becomes completely ionized. However, if the NIR is coupling to a discrete state, splittings are observed in the absorption feature. Additionally, the time dependent behavior of the absorption at the resonance center also varies depending on which coupling case is under consideration. For instance, Rabi cycling is observed at high NIR intensities if the NIR couples the initially excited state to another discrete state, but not if the NIR pulse is only ionizing the state. NIR intensity dependent measurements can therefore determine the effect of the NIR pulse on the system. The broadband attosecond pulse can also be used to excite superpositions of multiple electronic states, and the resulting quantum beats can be observed using attosecond transient absorption. This effect was predicted in calculations by Chini et al. [37] showing that beating between pairs of np states in helium could be observed in the transient absorption spectrum. Quantum beating was then experimentally observed in long-lived atomic states by exciting a wavepacket composed of Rydberg states of neon [13] . Multiple quantum beats were observed, with periods ranging from 10 fs to 40 fs. The most prominent quantum beat observed was between the 2s 2 2p 5 ( 2 P 3/2 )3d and 2s 2 2p 5 ( 2 P 1/2 )3d levels, which are split in energy by 0.1 eV. The measured oscillation period was 40 fs, which agrees with the expected oscillation period due to this energy splitting. Figure 9a is an energy level diagram of neon, focusing on the 3d states, and experimental measurements of quantum beating in the spin-orbit split 3d levels of neon are shown in Figure 9b . In contrast to the measurement of decay lifetimes described above, in which the decay of the polarization and of the population differ by a factor of two, the beating period observed via probing the polarization agrees with the beating period that would be observed by detecting the population. This is because the beating period depends only on the energy difference between the two states, which is the same whether polarization or population is considered.
In this measurement, several experimental artifacts are observed due to saturation of the absorption feature and the limited spectral resolution of the detector. The absorption appears to decay on a timescale of hundreds of femtoseconds, although the lifetimes of the atomic states are on the order of nanoseconds, and each absorption peak appears stronger when the NIR pulse follows the XUV pulse than in the XUV-only absorption spectrum. These effects are both observed because the NIR pulse artificially shortens the lifetime of the state when it arrives at a given time delay. This shorter lifetime results in a broader absorption feature, and the absorption feature is saturated so the broadening also produces an apparent increase in absorption as the wings of the feature spread to neighboring pixels on the detector. The apparent decay in absorption strength over the timescale of the experiment is then just the decrease in the broadening of the feature as the delay of the NIR pulse increases. Adapted from [13] .
The quantum beating is observed because the NIR pulse couples the initially excited states to neighboring dark states, and the effect of the NIR pulse is to Rabi-cycle population between the states. This mechanism is shown in Figure 9a . The NIR pulse couples the 3d states to 3p states located about 1.5 eV lower in energy, which closely matches the NIR pulse central photon energy. The strength of the beating visible in each feature depends on the strength of the couplings between the initially excited states and the dark states, thus explaining why the modulation depth of the beating could be strong in one state and weak in the other. The appearance of the beating was also shown theoretically to depend on which dark states are accessible within the NIR pulse bandwidth, which explains variations from day to day as the NIR pulse spectrum can fluctuate.
The observation of quantum beating can also be described as a manifestation of interference between two excitation pathways in analogy to the subcycle interference features discussed in section 4.1. One pathway requires one XUV photon to access the 2s 2 2p 5 ( 2 P 1/2 )3d state, one NIR photon to access a dark state (most likely a 3p state), and a second NIR photon to couple from this 3p state to the 2s 2 2p 5 ( 2 P 3/2 )3d state. The other pathway is merely direct excitation of the 2s 2 2p 5 ( 2 P 3/2 )3d state by one XUV photon. The energy difference between these pathways is exactly the energy difference between the two states that compose the initial wavepacket. Therefore, the spacing of the resulting interference fringes is the same as the quantum beating period, both corresponding to the energy difference between the two states. This interpretation of quantum beating is confirmed in the recent work of Ott et al. [38] , who observed the beating of a wavepacket composed of doubly excited states of helium. Here, the beating period is 1.2 fs, which is approximately the same as the expected spacing of the subcycle interference fringes. The energy separation between the two states composing the wavepacket corresponds to the energy of two NIR photons, and thus the coupling pathways that allow the beating to be observed are indistinguishable from the general mechanism for observation of subcycle interference fringes.
Quantum beating in the 5s5p 6 6p autoionizing state of xenon has also been observed [36] . The measured oscillation period of approximately 30 fs corresponds to an initially excited wavepacket composed of the 5s5p 6 6p state, located at 20.95 eV, and a neighboring two-electron excited state located 140 meV lower in energy. By comparison to few-level theoretical models, the intermediate state involved in the NIR coupling process could be identified as the 5s5p 6 8s state.
The ability to excite a broad range of states and then track the temporal evolution of each absorption feature individually could be extended to more complicated molecular systems with dense absorption spectra. Exciting a wavepacket and then monitoring individual components can allow the extraction of the lifetimes of the individual states involved in the wavepacket, which would again display a factor of two difference between the decay timescale in the absorption measurement and the population lifetimes of the states. These lifetimes of electronically excited states are determined by electron-electron interactions. The strength of the visible beating in each feature could provide information about the coupling strengths between these states and nearby dark states, which opens up new capabilities to use lasers to not just passively observe an atom or molecule, but to directly manipulate its electronic states.
Incorporating propagation effects
In the majority of the calculations discussed above, the transient absorption spectrum is initially calculated using Eq. (4), which applies to a single atom. However, the experimental measurements are performed with an ensemble of target atoms. The differences between the single atom picture and the macroscopic measurement have been explored theoretically, in order to calculate transient absorption spectra that are in agreement with experimental results, and theoretical work shows that the correct transient absorption spectrum cannot necessarily be calculated by merely summing the single atom response over many atoms.
Attosecond transient absorption experiments are typically performed using low sample densities and short propagation distances, which have been shown by Chen et al. to result in absorption spectra very similar to the single-atom response alone [24] . Santra et al. [39] have shown that Beer's Law can accurately describe the absorption spectrum after passing through the sample if the temporal structure of the XUV pulse does not get significantly distorted after propagation, or if each frequency component propagates independently.
There are two main mechanisms that can reshape the XUV pulse during propagation. First, Beer's Law breaks down if there are couplings between states, e.g. if the sample can absorb at a frequency ω 1 and then emit at a frequency ω 2 [39] . Second, with increased sample densities, the XUV pulse can be reshaped after propagation through the medium due to the dispersion induced by strong absorption resonances. This reshaping has been previously described for the general case of a broadband pulse propagating through a medium with a strong absorption [40] . It was observed to occur in XUV pulses by Strasser et al. [41] , in whose experiments photoelectron yields from helium at varying target pressures were measured using an XUV pulse train as the pump and a NIR probe pulse. The time dependent behavior of the photoelectron yield was found to depend on the gas pressure. The temporal structure of the XUV pulse exhibited periodic variations in amplitude over longer times, and this structure could be accurately reproduced by simple calculations of the pulse propagation considering the dispersion of the medium.
Of course, reshaping the XUV pulse structure will also affect transient absorption measurements. The absorption lineshapes can change in a similar manner to the NIR-induced phase shift discussed in section 4.1, but in this case the origin of the change in lineshape is the structure of the reshaped XUV pulse itself. Theoretical work by Chen et al. [24] has shown a noticeable effect due to reshaping of the XUV pulse after only a 1 mm propagation distance through 3 Torr of helium, with more drastic effects if the gas pressure is increased by a factor of 5.
The effect of the NIR pulse can also vary with propagation distance through the sample. Pfeiffer et al. [23] have shown that the final absorption spectrum can vary significantly depending on the length of the gas sample, because regions of the sample where the lineshape is Lorentzian alternate with regions where the lineshape is Fano-like due to the phase shift induced by the NIR pulse. The final measured spectrum then depends sensitively on the length of the gas sample.
These calculations and experiments have reinforced the importance of accurate consideration of experimental conditions in a transient absorption measurement. An experimental measurement cannot necessarily be adequately modeled by a single-atom calculation alone.
Outlook
Transient absorption, with the capability to simultaneously achieve high spectral resolution and high temporal resolution, is an important tool to study ultrafast dynamics in molecular systems. The next frontier for attosecond transient absorption is to apply the techniques that are well established for atomic studies to more complicated molecular systems. The absorption features will not be as strong or discrete, and excellent spectral resolution will be necessary to resolve closely spaced vibrational and even rotational levels.
The ability to monitor individual absorption features allows the lifetimes of short-lived molecular states to be tracked in real time. Extracting a lifetime directly from an absorption lineshape in the densely packed absorption spectrum of a complicated molecular system is difficult. Other processes such as vibrational broadening or ligand field splittings also contribute to the observed lineshape, so any lifetime determination from static absorption spectra alone is error-prone. Initial experiments could measure the lifetimes of states with resonances well-separated from other molecular transitions, such as the absorption features corresponding to core-level excitations of a heavy atom in a small molecule. The measured lifetimes could then be compared to those predicted from static absorption spectra in order to investigate whether broadening effects are accurately accounted for.
The idea of measuring lifetimes in molecular systems seems simple, but the realistic situation in many molecular systems is likely to be much more complex. Many short-lived states manifest in absorption spectra as broad features buried underneath sharper absorption lines corresponding to Rydberg series. Tracking the decays of these broad features and disentangling their timedependent behavior from the behavior of the overlapping features may still be difficult. However, tracking states through their contribution to a beating wavepacket may allow individual lifetimes to be determined more easily. If some of the members of an initially excited wavepacket can decay, the changing composition of the wavepacket as a function of time could be measured by monitoring any of the features in the initially excited wavepacket. Long-lived states in the wavepacket would not show a decay in the absorption feature, but the amplitude of the beating could decrease as the other states in the wavepacket decay. This decay would differ from the state lifetime by a factor of two, as in the direct lifetime measurements.
Wavepacket excitation in an atom merely results in oscillation of the excited population between different electronic states. However, in a molecular system, wavepackets can be composed of excitations to molecular orbitals localized at different sites in the molecule. Then, the wavepacket oscillation manifests as motion of the charge between different atoms or bonds. This has been shown theoretically by the groups of Cederbaum (as in Refs. [42, 43] ) and Remacle and Levine (as in Refs. [44, 45] ) for many small molecular systems. In these calculations, an electron is removed from the highest occupied molecular orbital and the resulting wavepacket oscillates on a few-fs or faster timescale. This ionization could be achieved by strong field ionization using the intense NIR pulse, but the initial wavepacket could also be excited using an attosecond XUV pulse and then the resulting wavepacket motion could be probed with a perturbing time-delayed NIR pulse.
Attosecond transient absorption experiments have so far been performed only with a probing pulse centered around 800 nm, with a broadband spectrum spanning the visible and near-infrared regions of the spectrum. A straightforward expansion of the technique would be the use of a varying wavelength probe pulse. The subcycle fringes in the transient absorption spectra due to interference between a direct and an indirect pathway were shown to depend sensitively on the position of an intermediate state in the indirect pathway, as discussed in Section 4.1. A first experiment measuring the subcycle fringes in helium could confirm the expected theoretical behavior of the fringes as the wavelength of the probe pulse is scanned.
Varying the probe pulse wavelength is an experimentally feasible way to observe the smooth transition from a LIS to Autler-Townes splitting (or vice versa) as shown in Figure 4 . Also, the energies at which the LISs are observed in the transient absorption spectrum depend on the energies of the dark states in the system and the NIR photon energy. If the dark state energies are known, the LIS features could be moved merely by tuning the wavelength to the appropriate energy. Alternately, varying the probe wavelength and noting when Autler-Townes splitting is observed rather than LISs could be used to locate dark states, which would identify the strongest couplings between the one-photon allowed states and nearby dark states.
A variable wavelength probe pulse could also be applied to extract new information from lifetime measurements or observation of wavepacket beating. Different coupling pathways between a decaying state and dark states could be preferentially selected to modify the observed decay. The beating strength of each feature in a complicated wavepacket could also provide information about relative coupling strengths between bright and dark states, as the beating strength would change as the probing pulse wavelength is varied. The ability to change the wavelength of the probe pulse would allow manipulation of a target system in order to study the couplings between specific states.
Another future direction for attosecond transient absorption experiments is experiments with two or more attosecond pulses. The photon flux of attosecond sources has continuously improved since the first attosecond pulses were produced. With the development of higher-power laser systems, splitting an attosecond pulse into two pulses with an experimentally useful number of photons in each pulse will soon be realized. Experiments could be performed with only two attosecond pulses, or with two attosecond pulses and a NIR or other ultrashort pulse that perturbs the system. Schemes for three-pulse experiments based on spectral interferometry techniques have been previously proposed [7] . Two attosecond pulses separated by some time delay propagate through a medium, and the final measured spectrum displays an interference pattern from those two pulses. If in between the pulses, some change is induced in the medium (such as ionization of a gas-phase sample), the behavior of the system can be probed by monitoring changes in this interference pattern. This technique, dubbed transient dispersion by Pfeifer et al. [7] , was initially proposed as a method to measure the index of refraction of the system by comparing the spectral phases of the two attosecond pulses. However, the second attosecond pulse could also be considered as a direct probe of how the induced polarization has been modified by the NIR pulse.
Multiple attosecond pulses could even be used to apply the ideas of two-dimensional IR spectroscopy to the XUV regime, as proposed by Mukamel et al. [46] . In 2D IR experiments, a sequence of broadband femtosecond pulses is used to first induce a polarization (or free induction decay, in the language of multidimensional spectroscopy) and then perturb or manipulate this polarization [47] . Cross peaks in the spectrum then reveal the couplings between, for example, vibrational states. These methods could be extended into the XUV energy range to study couplings between electronic states.
Conclusion
Attosecond transient absorption has proven to be a powerful technique for direct measurement of ultrafast dynamics in atomic systems. New phenomena are observed when the NIR and XUV pulses are overlapped in time, such as light-induced states and subcycle interference fringes. Experiments can also be performed in the counterintuitive regime of time delays where the NIR pulse follows the XUV pulse by a few fs or more, and perturbs the polarization induced by the XUV pulse. Direct measurement of decay lifetimes in the time domain and observation and characterization of quantum beating are just a few examples of the wide applicability of this regime of attosecond transient absorption experiments. In the future, these methods can be extended to investigate ultrafast dynamics in complex molecular systems, which cannot be easily understood from static absorption spectra. Experimental techniques such as varying the wavelength of the probing pulse or generating multiple attosecond pulses to interact with the sample will allow a wider range of atomic and molecular phenomena to be investigated.
